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ABSTRACT
As a result of the increasing use of sensors in mobile hydraulic equipment, the need for
hydraulic pilot lines is decreasing, being replaced by electrical wiring and electrically con-
trollable components. For controlling some of the existing hydraulic components there are,
however, still a need for being able to generate a hydraulic pilot pressure. In this paper con-
trolling a hydraulic variable pump is considered. The LS-pressure is measured electrically
and the hydraulic pilot pressure is generated using a small spool valve. From a control point
of view there are two approaches for controlling this system, by either generating a copy of
the LS-pressure, the LS-pressure being the output, or letting the output be the pump pressure.
The focus of the current paper is on the controller design based on the first approach. Specif-
ically a controlled leakage flow is used to avoid the need for a switching control structure.
1 INTRODUCTION
The development of hydraulic systems shows a clear tendency towards electrically controlled
components, as pointed out by e.g. [1]. This also means that the need for hydraulic pilot
lines is decreasing, as load pressures are starting to be measured and distributed electronically
instead of hydraulically. However, in the transition phase between traditionally hydraulically
controlled components and fully electrically controlled systems, some components may still
need a hydraulic LS pressure to operate, and there is a need for being able to generate this
hydraulic LS pressure based on an electrical reference. One such example is e.g. where a hy-
draulic LS-pump is connected to an otherwise electronically controlled system, where there
is no hydraulic LS-pressure available. This problem is the objective of the current paper,
where focus is on generating a hydraulic LS-pressure for a conventional variable displace-
ment pump.
To the knowledge of the authors, no other such solution has been made; although the prob-
lem has some resemblance to controlling the pump pressure in an electronic load sensing
system, which has been the subject of several studies, see e.g. [2, 3, 4, 5, 6, 7]. Common
for these studies are that they have used a sufficiently fast servo valve/proportional valve
directly controlling the flow to the displacement piston of the pump. Hence removing the
original hydro-mechanical LS-regulator in the pump and in effect replacing the dynamics of
the hydro-mechanical LS-regulator and pilot line. The idea of using an artificially generated
LS-pressure has also indirectly been presented by [8] as part of a pump regulator, where the
LS-pressure was generated based on the pump pressure using a series connection consisting
of a fixed orifice and electrically controlled relief valve, hereby obtaining the effect of a pres-
sure divider. Apart from the idea of generating the LS-pressure based on the pump pressure,
the two solutions do however pose different problems, not only due to different topologies
and control problems, but also as the presented solution is intended to be mounted a distance
away from the pump and should be applicable in combination with a large variation of pumps.
The paper first presents the considered system and an experimentally verified model. For sta-
bility analysis a linearized model is derived and sensitivity of the system to varying operating
conditions discussed. Based on the results of this analysis the controller design is presented
and robustness evaluated. Finally, experimental results are presented, and the performance of
the electro-hydraulic pressure regulator is compared to that of the hydraulic reference system.
2 SYSTEM MODELLING
The system considered consists of the pump, spool valve, hoses and the load system, as shown
in figure 1. From the figure it is seen that the set-up may also be used as a classical LS-system
(parallel circuit), making it possible to test the two systems individually.
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Figure 1: Diagram of the experimental set-up with indication of the various compo-
nents.
The system consists of a 57[cm3] Sauer-Danfoss series 45 H-frame pump, a load system con-
sisting of a PVG 32 pressure compensated proportional valve, two variable orifices connected
in parallel and an on-off valve. The spool valve (Pressure Regulating-valve) used is a 3/3-NC
under lap valve. The PR-valve is actuated with a voice coil connected to a DC/DC inverter,
by which the voice coil may be current controlled.
2.1 Pressure regulating valve
The purpose of PR-valve is to control the flow to/from the pilot line, hereby generating the hy-
draulic LS-pressure. The reference is a measured electrical LS pressure signal. A schematic
drawing of the valve is shown in figure 2 with indication of the used notation.
Figure 2: Model view of the spool valve with used notation.
The flow through the valve is described by the orifice equation and a laminar term describing
the flow from a notch in the spool
QLS =

Cd ·ALS(x) ·
√
2
ρ · (PP − PLS)−Klam · PLS , 0 ≤ x < xl
Cd ·ALS(x) ·
√
2
ρ · (PP − PLS) , x ≥ xl
−Cd ·ALS(x) ·
√
2
ρ · (PLS − PT ) , x < 0
(1)
Where xl is the length of a notch made in the spool, and Klam is a laminar flow coefficient.
To determine the spool dynamics and hence position, the free-body diagram shown in figure
3 is considered.
Figure 3: Forces acting on the spool.
From the figure it may be seen that the spool is pressure balanced. The force equilibrium for
the spool may therefore be written as:
mspool · ẍ = FV C + Fspr − Fflow,p + Fflow,t − Ffric (2)
where mspool is the movable mass (including voice coil etc.). Fspr = xspool · (k1 − k2) +
Fspr,0 is the spring force, Fflow,p and Fflow,t are the flow forces for the pump side and tank
side valve openings respectively and Ffric is the friction force. FV C is the voice coil force,
which is proportional to the current in the voice coil, which again may be found from the
voltage equation, i.e.
uV C = RV CiV C + LV C
di
dt
+ Kmẋ (3)
FV C = Km · iV C (4)
where Kmẋ is the back emf and Km is the voice coil force constant.
The friction force is modelled as a combination of stiction, Coulomb and viscous friction as
Ffric =
{
FV C + Fspr − Fflow,p + Fflow,t , ẋ = 0 ∧ FV C + Fspr − Fflow,p + Fflow,t < Fs
Fc · sign(ẋ) + B · ẋ , |ẋ| > 0
(5)
Where Fc is the Coulomb friction, Fs the stiction force and B the viscous friction coefficient.
Finally, the flow forces are modelled as purely stationary flow forces, i.e. for the pump side
Fflow,p = 2 · Cd ·ALS(s) · (PP − PLS) · cos(θ) (6)
and similarly for the tank side opening.
2.2 Pump, Volumes and Load Models
The other components in the system considered include the pump, volumes (hoses) and the
load model. Considering first the different volumes in the system, these are generally de-
scribed using the continuity equation, which for the LS-hose volume yields:
VLS
β
dp
dt
+
dVLS
dt
= Qin −Qout (7)
With Qin and Qout being the flows in and out of the volume and β the effective oil bulk
modulus. The latter is modelled as being pressure dependent as described in e.g. [9]. The
load consists of the two variable orifices, which are simply described by the orifice equation,
whereas the on-off valve is simply modelled as a switch. The load is here only used to
generate a load pressure for a given pump flow. As described earlier the pump is a Sauer-
Danfoss series 45 H-frame pump. The model is quite comprehensive and is presented in
[10].
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Figure 4: System response when applying load pressure steps.
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Figure 5: Step at the flow from 0 to 70 [L/min] and constant load.
2.3 Verification of Model
To verify the non-linear model and obtain performance data for the benchmark system, results
from the simulation model are compared to experimental data for three different operating
situations. The results of these tests are shown in figures 4- 6 on the following page below.
From the different results it may be seen that there generally is a good agreement between
the measured and the simulated data. There are minor deviations, which are due to simplifi-
cations in the modelling, but the model shows the correct tendencies capturing the dominant
dynamics. The model is therefore considered valid as basis for the controller design and
testing.
3 LINEARISED MODEL
Based on the above described non-linear model a linearized model may be derived. This
is done under the approximation that bulk modulus, discharge angle and discharge coeffi-
cients are constant. Linearising and Laplace transforming then yield the following system
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Figure 6: Sinusoidal input with frequency of 1 [Hz].
equations:
mspool · s2 · x = Kf · iV C −Kspr,fq · x + Kfqppt · PLS + Kfqpp · Pp −B · s · x (8)
qLS = Kqpt · x− (Kqppt + Klam) · pLS + Kqpp · pp (9)
pLS =
β
s · VLS
· qLS (10)
uV C = RV C · iV C + LV C · s · iV C + Kg,V C · s · x (11)
The first expression here describe the linearised spool force equilibrium, the second the flow
to the LS-hose, the third the pressure build up in the LS-hose and the fourth the voice coil
dynamics. Combining these equations in block diagram form, the block diagram shown in
figure 7 may be obtained.
Figure 7: Block diagram relating valve voltage input (up,LS) to pressure in the LS-line
(pLS).
In the block diagram the term, Gp(s), represents the pump and pump volume dynamics. As
a rough approximation this is modelled by a first order filter:
Gp(s) =
pp
pLS
=
1
τp · s + 1
(12)
To simplify the following analysis, the system may be considered in two different situations,
where in the first the valve opens for connection between pump volume and the LS-hose
(pump side connection), whereas in the second situation the valve opens to tank. As the
system is current controlled the analysis is further simplified. For the case where the valve
opens to the pump side the transfer function for the system may then be found to be
GLS,p(s) =
pLS
iV C
=
βKq,ptKf (τps + 1)
Gd(s) (mspools2 + Bs + Kspr,fq) − (τps + 1) βKqp,tKfqp,pt − βKq,ptkfqp,p
(13)
where Gd(s) = ((VLSs + βKqp,t + βKleak) (τps + 1)− βKqp,p). For the tank side con-
nection case the system transfer function reduces to:
GLS,t(s) =
βKq,ptKf
(VLSs + βKqp,t + βKleak) (mspools2 + Bs + Kspr,fq)− βKq,ptKfqp,pt
(14)
4 STABILITY AND SENSITIVITY ANALYSIS
In order to determine a control strategy for the system, it must be determined under which
operating conditions the system is likely to become unstable. The main influence is due to the
pressure drop over the spool valve, ∆p, the spool position, x, and the pump time constant, τp
(dependent on pump volume and pump type). In order to investigate this influence the poles
variations for varying operating conditions are investigated by looking at pole variations.
4.1 Pump side
The open loop pump side transfer function given in eq. (13) has four poles and one zero. The
zero originates from the pump dynamics, always being in the left half plane and hence being
of no interest at this point. Therefore, only the movement of the four poles is considered.
The results of varying the pressure drop over the spool and the spool travel are shown in the
figures (8) and (9).
From these results it may be seen that increasing the pressure drop1 over the spool does not
have a major influence on the dominating poles, but does mean that the damping is decreased.
Increasing the spool position does however have major influence on the dominant dynamics,
where large spool movements may actually lead to an unstable system in combination with
the highest pressure drops. In reality it is, however, very unlikely that these worst case operat-
ing points may ever be reached, as a full spool travel in combination with the highest possible
pressure drop of 18 [bar] will yield unrealistic operation conditions. From simulations with
the non-linear model described in section 2, it has been found that realistic flow requirements
are around 1.35[l/min]. Plotting the pole locations for varying pressure drop and spool dis-
placement yields the plot shown in figure 10 when ensuring a flow of 1.35[l/min] . Based
on this plot, the worst case working point for the pump side is therefore found to be for a
pressure drop of ∆p = 18[Bar] and a spool displacement x = 0.277[mm].
1The pressure drop cannot exceed the pressure margin of the pump, which is 18[bar].
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Figure 8: Pole movement for pressure drop ∆p = pp − pLS ∈ [1− 18] [bar].
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Figure 9: Pole movement at ∆p = pp − pLS = 18[bar] and spool position from x ∈
[0.01− 2.5] [mm].
4.2 Tank side
For the tank side the transfer function defined in eq. (14) has three poles and no zeros. As
oppose to the pump side, the pump and pump volume dynamics is not influencing the tank
side dynamics and hence the linearisation point will only be dependent on the pressure drop
over spool (∆p = pLS − pT ) and the spool position. The pressure drop over the spool is, on
the other hand, only bounded by the maximum pressure in the system, why the pressure drop
in opening situation may be very large. The stability and damping of the system for varying
−300 −250 −200 −150 −100 −50 0
−800
−600
−400
−200
0
200
400
600
800
 Real Axis
Im
ag
in
ar
y 
ax
is
Figure 10: Pole movement at 1.35 [l/min] for rising pressure and hence decreasing spool
displacement.
pressure drop and spool opening may be seen in figures 11 and 12.
Figure 11: Pole movement for pressure drop 1-250 [bar].
For the higher pressure drops (> 30[bar]) the system has one of the poles in the right half
plane and is therefore unstable. As for the pump side the worst case operating point is for the
1
2
Figure 12: Pole movement at 250 [bar] and spool position from 0.01-2.5 [mm].
highest possible pressure drop and the flow requirement of 1.35[l/min]. This correspond to
∆p = 250[bar] and x = 0.114[mm].
4.3 Sensitivity to varying LS-Hose Volume
The LS-hose volume directly influences the (open loop) system gain, i.e. the larger the vol-
ume, the lower the system gain. To illustrate this influence on the stability, the pole location
as a function of the LS-hose volume is shown in figure 13 for the pump side case and figure
14 for the tank side case. The variations are made for VLS ∈ [20[ml], 320[ml]].
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Figure 13: Open-loop poles location on pump side when considering LS-hose volume
variations.
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Figure 14: Open-loop poles location on tank side when considering LS-hose volume
variations.
As expected the dominant system eigen frequency is lowered and the damping increased for
the pump side when the volume is increased, and hence the system becomes slower. For the
tank side the variation of the LS-volume is of minor influence.
5 CONTROLLER DESIGN
The basic demands of the system are that the performance must be comparable to that of
the benchmark system, and that the control system is robust to changes in the system layout,
i.e. hose volumes and pump type. Basically, as the system structure changes dependent on
the spool position (i.e. open between pump side and LS-hose or between LS-hose and tank
side), two controllers should be considered - one for each opening situation. Utilising this
type of control structure, however, requires correct handling of the transition situation, where
the spool crosses the zero position and the system structure changes. The situation is further
complicated by the fact that the tank side dynamics is very sensitive to the pressure in the LS
hose, and even becomes unstable for a pressure drop above approximately 30 bars, as shown
in the previous sections. One way to overcome the switching problems is to use a kind of
pressure dividing, by making a notch in the spool, allowing flow to pass from the LS hose
to tank. By proper design of the area characteristic of the notch, crossing the zero position
will only take place when the LS pressure is small (less than approximately 30 bars), i.e. we
need to dump a relatively large amount of flow. In this situation the tank side dynamics will
be stable and we can handle both situations with the same controller. Also, by allowing the
spool to cross the zero position will decrease the loss inevitable arising from the ”leakage”
flow.
The system dynamics can now in both cases approximately be described by a relatively well
damped third order system. However, the flow from the notch will change the system type
from being a type 1 to being a type 0 system. Based on these considerations a standard
PI-controller is utilised.
Gcp(s) = 0.69 ·
(
1 +
1
1.5 · s
)
(15)
The open-loop bode plot of the system with applied PI-controller is shown in figure 15.
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Figure 15: Open-loop bode plot of the pump side with the PI-controller. The circles and
crosses representing respectively the zeros and the poles of the system, with the the first
circle (red) resulting from the zero added by the PI-controller.
Based on the above analysis the designed controller has been implemented and tested exper-
imentally. The results are shown in figures 16-18.
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Figure 16: Measured pressure and spool position when operating at low pressures and
applying pressure steps.
From the results it may be seen that the system is operating as expected. For small pressure
steps the system is continuously operating with a positive spool position, as seen in Fig. 17,
meaning that the system is continuously controlling the leakage flow to tank. For the larger
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Figure 17: Measured pressure and spool position when operating at high load pressure
and applying minor pressure steps.
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Figure 18: Measured data for high load pressure and large pressure steps.
downwards pressure steps and when operating at low system pressure (Fig. 18 and 16 re-
spectively), the leakage flow is however not large enough, to swash out the pump sufficiently
fast, why the valve switches over and operates with a negative spool position. In this case the
pressure drop over the spool have, however been lowered (due to the initial leakage flow), to
a level where the system is not unstable, cf. the above analysis.
6 CONCLUSION
The focus of this paper has been on generating a hydraulic (LS) pilot pressure based on
an electric reference for use in systems without hydraulic feedback of the load pressure.
This was done using a small spool valve, where a model of the valve and the considered
system was first presented. A linear analysis of the system yielded the worst case operating
conditions of the system, and based on this analysis an approach using a controlled leakage
flow was utilised, hereby enabling the system to be operated with a simple PI-controller and
still be stable and robust towards transitions between pump and tank side operation. Finally
experimental results were presented showing the validity of the approach.
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